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The objective of this research is to define the fundamental structure-property
relationships of water-swollen polymer hydrogel particles that are employed as
internal curing agents in cementitious mixtures, in addition to reporting a novel
synthesis procedure for combining pozzolanic materials with hydrogel particles.
Solution polymerization was performed to incorporate amorphous nanosilica
particles within acrylic-based polymer hydrogel particles of varying chemical
compositions (i.e., monomer ratio of acrylic acid (AA) to acrylamide (AM)).
Experiments were designed to measure the absorption capacity and kinetics of
hydrogel particles immersed in pure water and cementitious pore solution, as well
as determine the impact of particles on cement paste microstructure. While
majority-AM hydrogel particles displayed relatively stable absorption values during
immersion in pore solution, majority-AA hydrogel particles desorbed fluid over time,
most likely due to the interactions of multivalent cations in the absorbed solution
with the anionic polymer network. Interestingly, the addition of negatively charged
nanosilica particles accelerated and enhanced this desorption response. When
incorporated into cement paste, majority-AM hydrogel particles encouraged the
formation of calcium hydroxide and calcium silicate hydrate within the void space
previously occupied by the swollen particles. When nanosilica was added to the
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hydrogel particles, a 53 % increase in the number of hydrogel voids containing
hydrated product was observed for the 17 % AA hydrogel particles, and a 140 %
increase was observed for the 83 % AA hydrogel particles. These results suggest
that the combination of nanosilica with polymeric hydrogel particles provides a
favorable environment for the pozzolanic reaction to proceed and that nanosilica
aids in the replenishment of hydrogel void space with hydrated cement phases.
Keywords
hydrogel particles, nanosilica, internal curing, high-performance concrete, microstructure,
chemical admixtures, superabsorbent polymer

Introduction
High-performance concrete (HPC) has a very dense microstructure compared to conventional concretes, due in part to a significantly reduced water-to-cement (w/c) ratio [1],
such that all the water in the mixture is consumed during the hydration reaction [2].
The dense microstructure produces a strong and durable structure with a reduced impact
on the environment [3,4]. The main technical challenge of using HPC is the autogenous
shrinkage that is encountered during the early stages of curing, eventually resulting in the
formation of cracks, increased porosity, and an overall reduction in strength [5–7].
Conventional external curing methods used in the construction industry cannot fully
mitigate autogenous shrinkage, as the dense microstructure of HPC limits the penetration
of water [8]. Hence, internal curing of HPC provides additional water for hydration reactions from within the concrete [9,10] and consequently reduces shrinkage [11–13].
Superabsorbent polymer hydrogel particles provide an effective method of internal curing
[14–17], because the hydrogel particles can absorb and release large amounts of water to
fuel the hydration reaction [13]. The use of hydrogel particles for internal curing has been
found to reduce autogenous shrinkage [17–24], reduce crack propagation [9,25,26], increase autogenous sealing potential [9,27,28], increase resistance to freeze-thaw cycles
[29–34], and increase durability [33,35,36].
Pozzolanic materials (e.g., silica fume (SF), fly ash, etc.) are widely used in the production of HPC [21,37–41]. With the advent of nanotechnology, various forms of amorphous nanosilica with high specific surface have been used, as they have been observed to
have higher pozzolanic activity than conventional SF [42,43]. The combination of a pozzolan with internal curing has been attempted in the past through porous rice husk ash and
expanded shale [44,45]. In those cases, a porous material with inherently pozzolanic properties (i.e., a high proportion of amorphous silica phases) was presoaked in water and used
as a replacement for either the cement or fine aggregate. Polyacrylate-based hydrogels
containing fly ash have been synthesized for use in enhanced oil recovery [46], and hydrogels containing rice-husk ash have been used in soil conditioning [10,47], but, to our
knowledge, the incorporation of nanosilica directly within a hydrogel particle for use
in internally cured, cement-based materials has not been previously attempted.
In this article, we present a novel approach for combining nanosilica (SiO2) particles
with a polymeric internal curing agent (hydrogel) through a facile synthesis procedure. To
better understand the effect of including nanosilica within the hydrogel particles, four
different compositions of poly(acrylic acid (AA)-acrylamide (AM)) hydrogel particles
were synthesized and will be referred to by their weight percentage of the monomer
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AA only: 17 % AA, 83 % AA, 17 % AA + SiO2, and 83 % AA + SiO2. For compositions
which contain nanosilica, the dosage was fixed at 8.5 % SiO2 by weight of monomer. To
evaluate the performance of these hydrogel particles, gravimetric swelling tests in reverse
osmosis (RO) water and cement pore solution were conducted. Additionally, the hydrogel
particles were incorporated into cement pastes, and backscattered electron microscopy was
performed to directly quantify the effect of hydrogel addition on paste void structure and
hydrated phase formation.

Background
Superabsorbent polymer (hydrogel) particles are chemically crosslinked polymer networks, usually composed of AA and AM segments. A simplified schematic of a swollen
hydrogel-silica network is shown in Fig. 1, and a scanning electron microscope image of
dry hydrogel particles is shown in Fig. 2. Hydrogel particles can absorb up to 1,500 times
their dry weight in water [48] and can be used in place of traditional lightweight aggregate
(LWA) for internal curing. Hydrogel particles have several advantages over LWA in that
they require no presoaking and can be added in very small amounts to cementitious
mixtures (e.g., 0.2 % by weight of cement) while still providing effective internal curing
[1,49,50]. Although hydrogel particles are mechanically weaker than LWA, the direct impact that hydrogel particles have on the compressive strength of mortar and concrete is still
unclear. Some researchers have reported that hydrogel particles can either increase or decrease the compressive strength of mortar depending on dosage [51], while others have
reported that hydrogel particles caused a decrease in early-age strength that recovered
with time [17,52]. Our previous research called attention to the fact that hydrogel shape
and chemistry can significantly influence the compressive strength of mortar [53,54].
In contrast to most LWA, however, hydrogel particles are not chemically inert within
cementitious mixtures. In the case of hydrogel particles containing AA, the carboxylic acid
functional groups undergo deprotonation in alkaline conditions (as the pKa of AA is

FIG. 1
A schematic representation of
nanosilica particles confined
within a water-swollen polymer
network (i.e., a relatively small
region of a hydrogel particle). AA
and AM portions of the network
are indicated with arrows and the
network is represented as
alternating block polymer of AA
and AM (monomer chemistries

H2C
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~OH
0

AM

---

H N~

CH2

2

are included). MBAM, the
covalent crosslinker, is indicated
with small squares, and the
polymer network is drawn to
demonstrate that crosslinking
density may not be uniform
throughout the entire hydrogel
particle.
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FIG. 2
Scanning electron microscope
image of dry 17 % AA + SiO2
hydrogel particles.

approximately 4.5 [55]), forming anionic carboxylate (COO−) moieties in the polymer
network and allowing significant amounts of water to be absorbed by virtue of ion-dipole
interactions [56–59]. For these charged polymer networks, the primary mechanism of hydrogel swelling can be attributed to the creation of a chemical potential gradient across the
hydrogel-fluid interface, as the anionic polymer network results in a higher concentration
of free counterions within the hydrogel particle compared to the surrounding fluid in order to preserve electroneutrality within the system [60]. This gradient creates an osmotic
pressure which drives the diffusion of water into the hydrogel particle along with other
ions in solution, and the particle will continue to swell until the net osmotic pressure is
reduced to zero. Cations present in the aqueous fluid (including sodium, calcium, and
aluminum ions) will be electrostatically attracted to the COO− moieties and form ionic
complexes that effectively act as crosslinks within the polymer network, the formation of
which decreases the equilibrium absorption capacity of the hydrogel [56,61] and can ultimately lead to the collapse of the polymer network, as we recently demonstrated [57]. In
the concrete materials community, there is a growing body of research to accurately quantify the absorption and desorption behavior of hydrogel particles in cementitious pore
solutions, as certain hydrogel compositions (including commercially available products)
have been found to display strong sensitivity to the mono- and multivalent cations that are
naturally present in pore solutions depending on mixture age [17,57,62–66].
In addition to changes in swelling performance, hydrogel particles used as internal
curing agents have also been found to impact the inorganic chemistry of cement, specifically the development of calcium hydroxide (CH) and calcium-silicate-hydrate (CSH)
phases [24]. Recent findings by our research group [57] suggested that hydrogel particles
composed mainly of polyacrylamide were able to form significant amounts of CH phases
within the hydrogel void space. Thus, the incorporation of a pozzolanic material within
the hydrogel network may form an additional CSH phase, perhaps leading to a further
increase in the mechanical properties and durability of internally cured concrete.
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The use of pozzolanic materials in HPC has long been a common practice [67], and
the benefits of using pozzolanic supplementary cementitious materials (SCMs) are numerous. They have been found to enhance the impermeability, strength, durability, and increase resistance to crack propagation in concrete [68,69]. Although many types of SCM
have been studied, the rate of the pozzolanic reactions and thus the enhancement properties of the hardened cement paste vary with different SCMs [70,71]. A widely used pozzolanic SCM is SF, which is a waste product of the ferro-silicon industry [72] and is
composed of spherical particles ranging from hundreds of nanometers to tens of microns
in size. SF is almost entirely amorphous SiO2 and is a pozzolan, which indicates that it will
react with water and CH to form CSH [73,74].
SF can be added as a partial replacement for ordinary portland cement (OPC) and is
known to provide substantial benefits to the system. As a replacement for OPC, SF helps to
reduce the cost and carbon footprint associated with concrete consumption [41,72–75].
The use of SF has also been shown to increase the durability of concrete structures by
aiding in the hydration of CSH phases as well as lowering total porosity and refining
the porosity immediately surrounding aggregates [75,76]. Since SF consumes the CH
phase, concrete-containing SF has been shown to be more resistant to sulfate attacks
[72,73]. SF is also used in order to provide an increase in the compressive strength of
concrete [41,72–74,77].
For all of its positive effects, the use of SF is not without some disadvantages.
Depending on particle size and surface area, SF can substantially reduce the consistency
of a concrete mix [72,76,78,79], and thus, the use of water reducing admixtures (WRA) or
superplasticizers are necessary. SF has been shown to increase setting times, and the effect
is exacerbated when SF is used in conjunction with a WRA [41,78]. The dispersion and
replacement level of SF are also important variables, as too high a replacement of cement
with SF or agglomerated SF particles can cause a decrease in compressive strength [79]. SF
has also been shown to increase autogenous shrinkage [77], which necessitates the use of
internal curing.
With progress in nanotechnology research, previous studies have effectively used
nanoscale SF particles to improve the performance of cement-based materials [80].
Zeta potential has been used to give an indication of the surface charge state of particles
and aid in the understanding of both particle–particle interactions and polymer–particle
interactions in cement mixtures [81]. The zeta potential is a measurement of the electric
potential at the slipping plane surrounding a particle (or molecule) suspended in solution
[82]. Researchers have shown that over a wide range of pH (neutral to alkaline), the nanosilica particles are negatively charged [83,84]. Nanosilica is an attractive SCM as it has been
found to improve both the strength and microstructural properties of cement [85–88]. A
better performance of cement mixtures containing nanosilica has been observed in comparison to those with SF [85,86]. The extremely fine particle size of nanosilica may make it
an inhalation hazard for workers, although amorphous silica has not been conclusively
proven to cause pulmonary sicknesses, in contrast to the known toxicity of crystalline
silica [89].
Our recent research [57] on hydrogel–ion interactions and influence of hydrogel
chemistry on cement paste microstructure indicated that the chemical structure of hydrogel particles could be tuned to increase the amount of CH phases that forms within the
hydrogel void. It is thus anticipated that the incorporation of nanosilica in these hydrogel
particles will facilitate the formation of additional CSH within the void space, by taking
advantage of the combination of a pozzolan and absorbed water within the hydrogel
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network. Additionally, by placing nanosilica (<100 nm) within much larger hydrogel particles (approximately 100 μm), we hope to overcome the dispersion and consistency issues
caused by adding plain nanosilica directly into a cement mixture.
Because of the incorporation of amorphous silica into cement, care must be taken to
ensure that an alkali–silica reaction (ASR) does not occur. ASR refers to the phenomenon
wherein alkaline hydroxides in concrete pore solution react with amorphous silica phases
in aggregates and produce detrimental volumetric expansion. The nanosilica used in this
study is of a much smaller size than silica-rich aggregates. Also, the formation of CSH via
the pozzolanic reaction has a low calcium oxide to silica ratio, which enables the entrapment of alkalis and depletion of CH, and thus decreases the amount of hydroxyl ions
available to participate in the ASR [90–92]. Thus, the nanosilica added to the hydrogel
particles is effectively too small to cause ASR.

Materials and Methods
HYDROGEL SYNTHESIS AND SIZING

AA, AM, methylenebisacrylamide (MBAM), sodium metabisulfate (NaS2O5), and sodium
persulfate (NaS2O8) were used as received and purchased from Sigma-Aldrich (St. Louis,
MO). Silica nanoparticles (SiO2) were purchased from U.S. Research Nanomaterials, Inc.
of Houston, TX (reported 60–70 nm diameter). Deionized (DI) water with a total dissolved
solids content of less than 13 parts per million was collected from a Barnstead Nanopure
Infinity system (Barnstead Thermolyne Corporation, Ramsey, MN).
Prior to hydrogel synthesis, fresh neutralization, crosslinking, and initiator solutions
were prepared. A neutralization solution was prepared with 15.72 g of sodium hydroxide
(NaOH, pellets from Mallinckrodt, Staines-upon-Thames, United Kingdom) in 40 mL of
DI water (approximately 9.8 M) to neutralize AA to a sodium acrylate monomer. To
ultimately achieve a crosslinking concentration within the hydrogel particles of 2 % by
weight of monomer, a batch solution of 0.3 g MBAM in 20 mL DI water was prepared.
Initiator solutions of NaS2O5 and NaS2O8 (dosed at 1 % by monomer weight) were
separately mixed at 0.3 g in 10 mL DI water.
Reagent components are summarized in Table 1. The dosage of nanosilica was held
constant at 8.5 % SiO2 by weight of monomer and the crosslinking of the hydrogel particles
was 2 % by weight of monomer. The hydrogel synthesis adapted from Zhu, Barney, and
Erk [62] proceeded as follows. The gel reactions were conducted in capped 20 mL glass
scintillation vials. SiO2 and water were added to the vials first. AA monomer (a liquid at
room temperature) was added, and then the neutralization solution was added dropwise
while stirring. Vials were allowed to cool for 5 minutes. AM monomer (a solid at room
temperature) and 4 mL of MBAM batch solution were added and stirred for an additional
TABLE 1
Proportions of monomers and nanosilica for both hydrogel compositions evaluated in this study.
Sample
17 % AA
17 % AA + SiO2
83 % AA
83 % AA + SiO2

SiO2, g

Water, mL

AA, mL

NaOH Soln., mL

AM, g

0

6.2

0.5

0.8

2.5

0.255

6.2

0.5

0.8

2.5

0

3

2.5

4

0.5

0.255

3

2.5

4

0.5
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5 minutes. Initiator solutions were added at 0.5 mL each and vials were placed in a temperature-controlled oil bath set at 60°C until gelation was observed, which typically took between 1 and 8 hours.
Twelve hours after gelation, hydrogel particles were removed from the scintillation
vials and “washed” by soaking in water for an additional 12 hours to remove any unreacted
monomer. The hydrogel particles containing nanosilica were whiter (more opaque) in
appearance than the hydrogel particles without nanosilica, suggesting that even in highly
saturated, fully swollen conditions, the nanosilica particles remain confined within the
polymer network. Indeed, during synthesis, washing, and all gravimetric swelling experiments, there was no visible evidence of SiO2 escaping from the hydrogel particles (e.g., no
SiO2 aggregates were observed to sediment in the reaction vessels or beakers used for
washing steps and gravimetric swelling tests). Work is currently being performed to more
quantitatively measure the nanosilica concentration in hydrogel particles through thermal
analysis techniques, as well as X-ray scattering measurements.
After the washing step, specimens were then dried in an oven at 80°C for 8 hours and
ground into a fine powder using an electric coffee grinder. For each composition, a sample
of dry hydrogel particles were placed onto a glass microscope slide, and images were taken
at 100x magnification using an optical microscope. Enough pictures were collected to analyze the size of at least 100 particles, which were measured with ImageJ (National
Institutes of Health, Bethesda, MD). Because of the angular shape of the hydrogel particles,
only the maximum length (major axis) of each particle was reported in the results (see the
“Physical Analysis of Hydrogel Particles” section).
Using the synthesis inputs reported in Table 1, a rough estimate of the average mass
and volume loadings of nanosilica particles in dry and swollen hydrogel particles was determined. The following assumptions were required: the average density of the AA and
AM monomers is 1.09 g/cm3, and the density of nanosilica is 2.20 g/cm3 [93]; an average
dry hydrogel particle is cubic with 100 μm dimensions (and thus a volume of 1 × 10−6
cm3); and crosslinker mass and volume are negligible. Assuming the nanosilica particles
were spherical with an average radius of 35 nm (as indicated by the manufacturer’s specifications), the volume of each nanosilica particle was estimated to be 1.8 × 10−16 cm3.
Assuming that the synthesis reaction yields a total dry solid volume of approximately
3.2 cm3 (slightly inflated to take into consideration polymer-excluded volume [94]), then
each dry hydrogel particle is estimated to contain 2.0 × 108 SiO2 particles, or a concentration of 3.6 % by volume. As the hydrogel particle swells with fluid, the SiO2 concentration will proportionally decrease; e.g., if the cubic hydrogel particle swells with fluid to
reach 400 μm dimensions (6.4 × 10−5 cm3), then the concentration of SiO2 will decrease to
0.06 % by volume.
It is important to note that SiO2 is most likely not uniformly distributed throughout
each hydrogel particle, because of inhomogeneities in the polymer network (e.g., variation
in crosslink density, see Fig. 1) as well as the potential settling of larger nanosilica aggregates during the hydrogel polymerization reaction. In current work, a suspension polymerization technique is being investigated to better control the reaction kinetics and ensure
greater uniformity in SiO2 concentration and hydrogel particle shape and size. Given these
limitations, the calculations described above do seem to indicate that in the cementitious
environment, the estimated loading levels of SiO2 in the hydrogel particles are much less
than one percent, which makes the observed changes in microstructure all the more
impressive.
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NANOSILICA PARTICLE CHARACTERIZATION

X-ray diffraction (XRD) was performed on the nanosilica particles using a Siemens D500
diffractometer (30 mA, 50 kV) at 0.02°/s scanning rate in (10–40)° 2θ range (Siemens AG,
Berlin and Munich, Germany). The specimen was prepared by loosely packing the nanosilica
particles into a top-loaded metal sample holder pressed to a paper surface in order to avoid
preferential orientation of the nanoparticles. A Nanosizer nano-z (Malvern Instruments,
Malvern, United Kingdom) was used to measure the zeta potential of dilute suspensions
of nanosilica particles dispersed in DI water. Two samples were created at different values
of pH, 6.3 ± 0.1 and 12.4 ± 0.1, through the progressive addition of a 2 M NaOH solution,
and measured with an electronic pH meter. Nanoparticles were added to the solution at a
concentration of 30 g/ml (1 wt.%), stirred, and allowed to equilibrate at 25°C for 2 hours
prior to testing. During this time, larger particle aggregates were observed to sediment out of
the solution, leaving only a suspension of dispersed isolated particles and smaller aggregates
(less than a few microns in size) within the suspension, which was subsequently analyzed.
Three measurements were performed for each sample and averaged.
CEMENT PASTE BATCHING

For pastes, Type I OPC (ASTM C150, Standard Specification for Portland Cement) [95]
obtained from Buzzi Unicem (Greencastle, IN, USA) was used. The Blaine fineness was
reported to be 377 m2/kg, loss on ignition was 1.34 wt.%, and the oxide weight percentages
are as follows: 20.04 % SiO2, 4.85 % aluminum oxide, 3.35 % iron(III) oxide, 63.5 % calcium oxide, and 1.99 % magnesium oxide. All percentages were obtained from the manufacturer’s mill certificate. Mixture proportions are listed in Table 2. Tap water that had
been tempered to room temperature was used for mixing, and Glenium 3030 NS full-range
WRA, supplied by BASF (Ludwigshafen, Germany), was used as the superplasticizer. The
hydrogel dosage (dry weight) was fixed at 0.2 % by weight of cement. This is equivalent to
0.57 % by volume of dry cement.
A Renfert Twister Evolution vacuum mixer (Renfert, Hilzingen, Germany) was used
to mix all pastes to ensure that any porosity would be due to capillary water and hydrogel
particles. The mixture proportions for the paste samples are given in Table 2. Dry cement
that had been mixed with dry hydrogel particles (if applicable) was added to a cup. Water
and WRA were added simultaneously, and the cup was placed onto the mixer. A vacuum
was pulled, and the materials were mixed for 60 seconds. After the first mixing period, the
cup was removed, its sides scraped with a spoon, and left to sit for 45 seconds. Finally, the
cup was reattached to the mixer and mixed for an additional 60 seconds under vacuum.
The paste was then poured directly into a plastic mold, sealed, and placed in an environment chamber at (25 ± 1)°C and (50 ± 1)% relative humidity for 24 hours before being

TABLE 2
Mixture proportions for pastes with and without hydrogel particles. Hydrogel dosage, WRA dosage,
and total water contents are fixed across all samples. WRA is percent by weight of cement.
Sample

Cement, g

Water, g

Hydrogel Particles, g

WRA, %

Control

200

70

–

0.7

17 % AA

200

70

0.4

0.7

17 % AA + SiO2

200

70

0.4

0.7

83 % AA

200

70

0.4

0.7

83 % AA + SiO2

200

70

0.4

0.7
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removed from their containers and placed into saturated limewater solutions for 48 additional hours. Samples were weighed before and after being removed from the plastic containers to ensure no mass loss had occurred in the first 24 hours.
GRAVIMETRIC SWELLING TESTS OF HYDROGEL PARTICLES

Hydrogel swelling capacities and kinetics were evaluated in RO water with a total dissolved
solids of approximately 18 and cement pore solution. The pore solution was prepared by
mixing cement directly with tap water at a w/c ratio of 10 and stirring for 30 seconds. The
mixture was allowed to settle for another 30 seconds, after which the topmost portion
was decanted into a separate beaker. This portion was immediately covered to prevent
carbonation and used for gravimetric swelling tests.
The gravimetric “teabag” method was used to determine the transient absorption
response of the hydrogel samples used in this study, following past protocols [57,63].
For both solutions, 200 ml of liquid was added to a beaker, and a teabag was fully immersed into the solution for 30 seconds. The teabag was allowed to drip dry and then
weighed to obtain the wet mass of the bag, mbag. A mass of 0.2 g of dry hydrogel particles,
mdry, were added to the wet teabag. The teabag was then immersed into solution and removed at the following time intervals for weighing to obtain mwet: 1, 3, 5, 10, 15, 30, 60,
120, and 240 minutes. In the case of the pore solution, the beakers were covered in between
weighing intervals to minimize the risk of carbonation. Tests were repeated in triplicate to
obtain the average and standard deviation. The gravimetric swelling ratio (Q) in units of
grams of absorbed fluid per grams of dry hydrogel was calculated using the following
formula:
Q=

mwet − mbag − mdry
mdry

(1)

After freshly synthesized hydrogel particles were swollen for 4 hours (one test) in RO
water, they were removed from the teabags, spread out on watch glasses, and dried overnight in an oven at 85°C. The same hydrogel particles were then added to new teabags and
subjected to another swelling test in a beaker of fresh RO water to obtain reswelling data.
BACKSCATTERED ELECTRON MICROSCOPY

Vacuum-mixed paste samples were used for all electron microscopy imaging. Cured cylinders were cut into small pieces with a saw, vacuum dried at (60 ± 5)°C for 72 hours, and
vacuum-impregnated with a low-viscosity epoxy that was cured overnight at the same
temperature. The sample preparation method did cause slight macroscopic cracking as
a result of drying shrinkage, and there may have been some decomposition of ettringite
phases during the curing of the epoxy. These possible changes to microstructure were
unavoidable, since the presence of any free water and temperatures less than 60°C prevents
successful curing of the epoxy.
A fresh section of each epoxy specimen was exposed with a diamond saw, and the
section was then polished with 3 μm, 1 μm, and 0.25 μm polycrystalline diamond suspension. All samples were carbon coated. Backscattered electron images at a minimum
magnification of 250x and elemental analysis from X-rays (EDX) were obtained with a
NanoScience Instruments Phenom Desktop SEM (Phoenix, AZ). For elemental analysis,
point mapping with a 15-kV accelerating voltage was used. From repeated measurements
of cement phases with known compositions, it was determined that the quantitative
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analysis uncertainty is (3–5) weight percent. To obtain the percentage of voids containing
phases, pictures were taken of the entire sample surface, and at least 100 voids from each
sample were analyzed.

Results
PHYSICAL ANALYSIS OF HYDROGEL PARTICLES

The zeta potential of the isolated nanosilica particles dispersed within two different aqueous environments was measured to be −34.9 mV ± 0.8 mV at pH 6.3 and −43.8 mV
± 2.3 mV at pH 12.4. These results closely match those reported in literature [83,84]
and strongly suggest that the amorphous nanosilica particles have a negative surface
charge over the alkaline range of pH that is most relevant for application in cementitious
mixtures, including the environments explored in the present work.
The nanosilica was also examined with backscattered electron microscopy. As shown in
Fig. 3a, a considerable variation in particle size was observed, including small particles on
the order of hundreds of nanometers that appear as white specks and larger particles approximately (5–10) μm in size, most likely aggregates of individual nanosilica particles. The
XRD results, shown in Fig. 3b, indicated that the nanosilica was highly amorphous. This was
inferred from the extremely low overall intensity of the signal in addition to the very broad
reflex, centered at about 22°. Had the nanosilica been crystalline, the pattern would have
resembled that of quartz, with two high-intensity peaks about the 2θ of 20.8° and 26.6°
[96]. While it is expected that the largest nanosilica aggregates break apart during hydrogel
synthesis (which requires mixing), experiments are currently being performed to investigate
the use of sonication to disrupt large aggregates of nanosilica particles prior to their incorporation into the hydrogel.
Size distributions of all the hydrogel compositions are shown in Fig. 4. As shown in
Fig. 4a, for the 17 % AA hydrogel particles that did not contain SiO2, 96 % of the particles

FIG. 3 (a) A backscattered electron image of nanosilica particles, displaying isolated particles as well as large particle aggregates; and
(b) XRD pattern of nanosilica particles.
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FIG. 4 Hydrogel particle size distributions for all compositions: (a) 17 % AA, (b) 83 % AA, (c) 17 % AA + SiO2, and (d) 83 % AA + SiO2.
The last bin contains all particles that are greater than 450 μm, which amounts to less than 6 % of all counted particles in each
sample.
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had a maximum length below 350 μm, and the average particle size was 120 μm. Upon the
addition of nanosilica (see Fig. 4c), the size distribution was very similar, with 96 % of the
particles having a maximum length below 350 μm, and the average particle size was
107 μm. For the 83 % AA hydrogel particles that did not contain SiO2 (see Fig. 4b),
91 % had a maximum length below 350 μm, and the average particle size was
117 μm. Upon the addition of nanosilica (see Fig. 4d), the size distribution changed
slightly, with 97 % of the particles below 350 μm in size, and the average particle size
was 102 μm. A scanning electron micrograph of dry hydrogel particles is provided in
Fig. 2. Though not a focus of the present study, it is important to note that the incorporation of relatively large hydrogel particles (e.g., >200 μm) could result in an undesirable
decrease in the compressive strength of cured cementitious mixtures, because of the
corresponding large void space that remains in the cement matrix following hydrogel
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desorption. To further reduce the size of hydrogel particles, additional mechanical grinding and cryomilling procedures can be utilized, the latter of which can be used to obtain
relatively small hydrogel particles on the order of tens of microns in size [64]. A potential
downside of incorporating such small hydrogel particles into a fresh cementitious mixture
is the possible loss of paste workability, due to an increase in apparent yield stress and
plastic viscosity from their increased absorption rate compared to larger particles [97].
GRAVIMETRIC SWELLING TESTS OF HYDROGEL PARTICLES

Gravimetric swelling tests were performed in order to understand the effect of nanosilica
addition on the swelling kinetics and capacity of both hydrogel compositions examined in
this study. These results are shown in Fig. 5. In RO water (see Fig. 5a), the 17 % AA
hydrogel particles reached an equilibrium swelling capacity within one minute of immersion, whereas the 83 % AA did not reach an equilibrium swelling capacity until approximately one hour. The 17 % AA with SiO2 hydrogel particles displayed similar swelling
behavior to the 83 % AA + SiO2 hydrogel particles in that both compositions took approximately one hour to reach an equilibrium swelling capacity. The 17 % AA hydrogel particles had markedly lower maximum swelling capacities (approximately 60) than the 83 %
AA hydrogel particles, which had a maximum swelling capacity of approximately 80.
The addition of nanosilica did not significantly change the maximum swelling capacity or swelling kinetics of the 83 % AA hydrogel, as indicated in Fig. 5a. However, the 17 %
AA + SiO2 hydrogel displayed a notably lower maximum swelling capacity of approximately 45. The swelling results for the hydrogel particles immersed in pore solution
are shown in Fig. 5b. The addition of nanosilica did not appreciably change the swelling
kinetics or capacity of the 17 % AA hydrogel particles, and both reached an approximately
equivalent swelling ratio of 19 within 10 minutes of immersion. The 83 % AA + SiO2
hydrogel particles displayed significantly different swelling behavior in pore solution
(see Fig. 5b). 83 % AA reached a peak swelling capacity of approximately 30 at 5 minutes,
and then deswelled over the remainder of the test. The 83 % AA + SiO2 hydrogel had

FIG. 5 Swelling ratio (Q) as a function of immersion time in (a) RO water and (b) pore solution for both hydrogel compositions.
Hydrogel particles containing nanosilica are indicated with filled shapes and solid lines. Hydrogel particles without nanosilica
are indicated with open shapes and dashed lines.
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equivalent swelling capacity to the 17 % AA hydrogel particles at the beginning of the test,
and immediately began to deswell, eventually reaching the same level as the 83 % AA
hydrogel at two hours.
BACKSCATTERED ELECTRON MICROSCOPY ON CEMENT PASTES

All cement paste samples were cured in limewater for 48 hours after an initial 24-hour
sealed period. Scanning electron micrographs of cement paste with no hydrogel particles
are shown in Fig. 6. Micrographs of cement pastes with hydrogel particles containing no
nanosilica are shown in Fig. 7. Micrographs of cement pastes with hydrogel particles
containing 8.5 wt.% of nanosilica are shown in Fig. 8. A 17% AA hydrogel void with
the CH phase highlighted and indicated with an arrow is shown in Fig. 7a. Remains
of the hydrogel particle are visible within the center of the void. Three 83 % AA hydrogel
voids are visible in Fig. 7b. Similar hydrogel void microstructures were observed in the
cement samples containing hydrogel particles that contained nanosilica. In Fig. 8a, a 17 %
AA + SiO2 hydrogel void is shown, which was found to contain both CH and CSH phases.
These are indicated with dark blue and light green colors, respectively.
A minimum of 100 hydrogel voids in each cement sample were examined for hydrated product, and a percentage of the total number of voids counted that contained
either CH or CSH was calculated. These percentages are shown in Fig. 9. It was observed
that as the amount of AA in the nanosilica-free hydrogel particles increased from 17 % to
83 % (and AM decreased proportionately), the percentages of voids containing CH and
CSH decreased by 99 % and 75 %, respectively.
Fig. 9 also shows that the addition of nanosilica to the hydrogel particles caused the
number of voids containing CSH to increase for both hydrogel particle compositions. For
17 % AA hydrogel particles, a 53 % increase in voids containing CSH was observed with
the addition of nanosilica, while a 140 % increase was observed for 83 % AA hydrogel
particles upon the addition of nanosilica. Nanosilica caused the number of voids

FIG. 6
Scanning electron micrograph
of control paste containing no
hydrogel particles.
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FIG. 7 Scanning electron micrographs of cement pastes with (a) 17 % AA and (b) 83 % AA hydrogel particles. Hydrogel voids are
indicated with arrows, and the CH phase within the 17 % AA hydrogel void has been shaded and indicated with an arrow.

(a)

(b)

FIG. 8 Scanning electron micrographs of cement pastes with (a) 17 % AA + SiO2 and b) 83 % AA + SiO2 hydrogel particles. CH and CSH
phases have been highlighted and marked with arrows.

(a)

(b)

containing CH to increase significantly only for the 83 % AA hydrogel particles, while the
percent change in CH for the 17 % AA hydrogel particles upon the addition of nanosilica
was not significant, considering the uncertainties.
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FIG. 9
Percent of all imaged hydrogel
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Discussion
SWELLING PERFORMANCE OF HYDROGEL PARTICLES

The swelling test results shown in Fig. 5a indicated that the addition of nanosilica significantly reduced the maximum swelling capacity of the 17 % AA hydrogel particles in RO
water. Because the nanosilica particles are negatively charged in RO water, and amide
groups have a partial positive charge, the nanosilica may preferentially associate with
AM and thus prevent the hydrogel network from attaining the largest possible expansion
during swelling. Since the swelling capacity of the 83 % AA hydrogel particles was not
significantly reduced, the nanosilica may not have interfered with the flexibility of the
AA chain segments. More investigation is required to understand how exactly nanosilica
impacts the polymer chain integrity and polymerization of hydrogel particles.
Markedly different swelling kinetics and capacities were observed for all compositions
of hydrogel particles exposed to pore solution, as shown in Fig. 5b, which was expected
because of the high concentration of aqueous cations (e.g., sodium, potassium, calcium).
It is well-known that positively charged ions (or particles) will electrostatically complex
with the polymer network, reduce swelling capacity, and cause deswelling in the case of
majority-AA hydrogel particles [53,54,61–63]. The relatively constant swelling ratio displayed by the 17 % AA hydrogel particles suggests that the majority-AM polymer network
was resistant to deswelling caused by multivalent cations. However, because of the reduction in swelling capacity, it can be inferred that the majority-AM hydrogel particles were
still vulnerable to the electrostatic shielding effects caused by monovalent cations. The
addition of nanosilica did not significantly change the long-time (e.g., 4 h) swelling response of either hydrogel composition in pore solution, which suggests that any effects
the nanosilica had on the polymer networks did not manifest at low swelling ratios.
However, the 83 % AA + SiO2 hydrogel particles did display a reduction in the short-time
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(e.g., 5 minutes) swelling ratios in contrast to the 83 % AA hydrogel particles with no
nanosilica. Between the negatively charged AA polymer network and the negatively
charged nanosilica particles, electrostatic complexing with multivalent cations may have
been able to take place much faster in the 83 % AA + SiO2 hydrogel particles and thus led
to a quicker collapse of the polymer network in contrast to the nanosilica-free particles.
EFFECT OF THE HYDROGEL PARTICLES ON CEMENT MICROSTRUCTURE

A uniform microstructure with no large pores was observed in the control paste, as shown
in Fig. 6. As expected, pastes containing hydrogel particles were observed to have large
angular voids, as shown in Figs. 7 and 8. In some of these voids, hydrogel remains were
visible within the center portion of the void. Similar microstructures have been recently
reported by Farzanian and Ghahremaninezhad [98]. Hydrated product was also observed
to be present in the interiors of hydrogel voids, as indicated in Figs. 7a and 8.
From each sample, at least 100 hydrogel voids were imaged and evaluated for the
presence of hydrated product. EDX was used to confirm the morphologies of CH and
CSH phases. A percentage of hydrogel voids containing only CH or CH and CSH
(i.e., any product) was calculated, and these results are reported in Fig. 9. There may have
been instances in which additional hydrated product formed in areas of hydrogel particle
voids that could not be readily examined by the microscope or analyzed with EDX. As
such, the results in Fig. 9 were obtained from examining the phase morphologies present
at the surface of the hydrogel void.
The results from the void analysis in Fig. 9 indicated that the amount of AM within
the hydrogel network strongly influenced whether or not hydrated product formed within
the hydrogel void. The majority-AA hydrogel particles had 75 % fewer hydrogel voids
containing CSH and 99 % fewer hydrogel voids containing CH than the majority-AM
hydrogel particles. This is a surprising result, because the negatively charged majority-AA
polymer was expected to provide more binding sites for calcium ions and thus potentially
cause more CH to form. However, the fact that majority-AM hydrogel particles are able to
retain water for longer periods of time within a cementitious environment, as evidenced by
Fig. 5, could suggest that a large, water-filled inclusion is a relatively more favorable environment for CH formation.
The addition of nanosilica was observed to increase the percentage of hydrogel voids
containing CH and CSH for both hydrogel compositions (except, notably, in the case of
the CH phase for the 17 % AA hydrogel particles). It was observed that the amount of
hydrogel voids containing CH and CSH increased by approximately 2,100 % and 140 %,
respectively, for the 83 % AA hydrogel particles. The amount of hydrogel voids containing
CSH increased by 53 % for the 17 % AA hydrogel particles. Between the different compositions of hydrogels with nanosilica, however, there was a 62 % decrease in the amount
of hydrogel voids containing CSH and a 78 % decrease in the amount of hydrogel voids
containing CH, as the amount of AA increased from 17 % to 83 %. This may suggest that
the hydrogel composition (in terms of percent AA) is still a major influencing factor on
whether or not any hydrated product is able to form within the hydrogel void. This lends
further support to the hypothesized retention of water and relative insensitivity to cations
of the majority-AM hydrogels for creating a preferential region for hydrated product to
form within the cement paste. These results also suggest that the addition of nanosilica
may enhance the nucleation of the CH phase within hydrogels, because of the fact that
equal or greater percentages of hydrogel voids containing CH were seen. Furthermore, the
nanosilica may be able to combine with the water and CH to form an additional CSH
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phase within the hydrogel particles, given the observed increases in CSH within the voids
from hydrogel particles containing nanosilica.
It is worth noting that all cement paste samples were cured in limewater for 48 hours
after an initial 24-hour sealed period. The concern may be raised that this additional
external water obscures effects that the hydrogel chemistry alone has on cement microstructure. However, the results in Fig. 9 clearly indicate that even with the compensation
for this additional water content, the differences between the hydrogel compositions are
still apparent.

Conclusions and Implications
Two different compositions of superabsorbent polymer hydrogel particles were synthesized and combined with nanosilica particles. Swelling capacities and kinetics were
evaluated with gravimetric swelling tests. It was observed that nanosilica reduced the maximum swelling capacity of both hydrogel chemistries. The swelling kinetics of 17 % AA
hydrogel particles were not significantly impacted by the addition of silica, but the shorttime swelling capacity of the 83 % AA hydrogel particles was reduced with the addition of
nanosilica. These reductions in swelling capacities may have been caused by the negatively
charged nanosilica preferentially associating with the amide groups in the majority-AM
hydrogel particles, thus restricting the polymer network expansion during swelling.
Furthermore, the additional negative charges associated with the nanosilica particles that
are confined in the hydrogel network may have led to rapid complexing with cations in
pore solution, which dramatically enhanced the deswelling behavior observed in 83 % AA
+ SiO2 hydrogel particles. Backscattered microscopy indicated that 17 % AA hydrogel
particles resulted in a higher percentage of voids that contained some amount of CH
and CSH phases in cement paste, as compared to the voids created by the 83 % AA hydrogel particles. This effect was enhanced with the addition of nanosilica to the hydrogel
particles, and both hydrogel compositions resulted in an even larger percentage of voids
containing CSH with addition of SiO2. In the case of 83 % AA + SiO2, there was a higher
percentage of voids containing CH as well, although this was not observed for the 17 %
AA + SiO2 hydrogel particles.
These results suggest that the ability of the majority-AM hydrogel particles to retain
water for relatively long periods of time may be creating a favorable environment for the
formation of CH, as well as providing enough water for further reaction with the nanosilica
to form CSH. It is particularly noteworthy that the estimated loading levels of SiO2 in the
swollen hydrogel particles are believed to be much less than one percent (by volume), which
makes the observed changes in microstructure all the more impressive. Thus, through control of hydrogel particle composition, it may be possible to create an internally cured cement
microstructure that is not only less porous because of enhanced curing and a reduced global
w/c ratio, but also mechanically stronger and more durable because of the formation of
hydrated product within the void space previously occupied by swollen hydrogel particles.
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